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Abstract 
A monitoring method currently under investigation for CO2 sequestration involves having multiple, vertically 
distributed pressure sensors in a monitoring well extending down to the bottom of the storage reservoir. While above-
zone monitoring is useful for leakage detection, pressure sensors in the storage reservoir are needed to track CO2 
plume migration in the storage reservoir itself. This study examines how multilevel pressure measurements in the 
storage reservoir, caprock, and overlying aquifer can be used to identify diagnostics for reservoir structure and CO2 
plume migration. Through analyses of multilevel pressure data, we are able to locate the height of the CO2 plume. 
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1. Introduction 
Essential to large-scale implementation of Carbon Capture and Sequestration (CCS) is the ability to 
monitor the CO2 that has been injected underground. One way to monitor CO2 migration is through 
pressure measurements. Pressure measurements have the benefit of providing real-time and continuous 
data that can be used to supplement periodic seismic surveys or provide an alternative in the event that 
seismic imaging is not possible. Pressure measurements also provide information that is needed to assess 
the performance and safety of storage projects, such as information about the extent of pressure 
perturbation, indication of reservoir compartmentalization, and assurance that the reservoir pressure 
remains below the fracture pressure of the caprock (seal). In the context of CCS, above-zone pressure 
monitoring has been considered by several studies for the purpose of detecting and characterizing (or 
ruling out) leakage of CO2 or displaced brine through pathways in the caprock, such as through 
conductive faults, or along old wells [e.g., 1, 2, 3, 4, 5]. The concept of having multiple, vertically 
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distributed pressure sensors in a monitoring well extending down to the bottom of the storage reservoir, 
however, is novel in the context of CCS.  
In the late 1970s, Westbay Instruments Inc. (acquired by Schlumberger in 2000 [6]) designed the first 
commercially available multilevel (depth-discrete) monitoring system suitable for fractured rock [7]. 
Today, several multilevel monitoring systems are available, with applications ranging from that of 
environmental characterization related to groundwater contamination to characterization and monitoring 
related to storage of radioactive waste [8, 9]. If hydraulic head increases with increasing depth, 
groundwater flow is upward; if hydraulic head decreases with increasing depth, groundwater flow is 
downward [10]. 
In a system of aquifers and aquitards, aquitards frequently have substantial head differences from top 
to bottom because they provide the main resistance to flow [11]. From two field studies [12, 13] it was 
found that almost the entire head differential occurred across a thin zone of the aquitards where the 
vertical conductivity was lowest [11]. The only way to identify such thin zones was through the use of a 
large number of small-length monitoring points in the aquitards. According to [14], most depths where 
the highest head differentials occurred 
unique role of high-
head profiles almost always coincided with low permeability sediment layers, whereas the presence of a 
sediment layer (as identified through core logs and geophysical information) was insufficient for 
identifying the location of a major head change. 
In order to evaluate possible implications of CO2 sequestration for shallow groundwater systems, [16] 
examined the large-scale impact of CO2 sequestration in deep saline aquifers by conducting a sensitivity 
study on the pressure response in stratified systems. An idealized, multilayered groundwater system with 
a sequence of aquifers and aquitards was constructed using the TOUGH2 multiphase flow simulator with 
the ECO2N equation of state [17, 18] [16]. Simulated water fluxes showed that ahead of the CO2 plume, 
the displaced brine flows mainly horizontally with a slight upward component directly in front of the 
plume, whereas in the plume area, buoyant CO2 migration generates brine flow with a downward 
component [16]. 
In this study, we examine how multilevel pressure measurements can be used to obtain information on 
reservoir structure and CO2 plume migration. In [19], we discuss the anomalous aqueous flow caused by 
the advancing CO2 plume and its impact on the observed pressure. Here, the focus is on pressure 
transients and vertical pressure gradients between adjacent monitoring zones. 
2. Approach 
A multilayered geologic model has been constructed that can be subjected to various combinations of 
heterogeneity and anisotropy conditions. Supercritical CO2 is injected close to the bottom of the storage 
reservoir (differing from the study of [19], where the injection is at the very bottom of the reservoir). 
Simulations are performed in TOUGH2/ECO2N to predict the pressure buildup at the monitoring well. In 
addition, simulations are performed with water injection instead of CO2 injection, the purpose of which is 
to identify which aspects of the pressure response are caused uniquely by CO2 migration.  
2.1. Geologic Model Scenarios 
Fig. 1 provides a schematic of the geologic model. The model is composed of three geologic units: a 
sandstone aquifer that comprises the storage reservoir, a caprock, and an aquifer that overlies the caprock. 
The system extends from 1935 m to 2535 m below the surface. Four basic scenarios are examined, for 
which the geologic system is 1) homogeneous and isotropic, 2) homogeneous and anisotropic, 3) 
heterogeneous and isotropic, and 4) heterogeneous and anisotropic. For the heterogeneous scenarios, there 
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are 23 distinct layers in the storage reservoir and six distinct layers in the caprock. For the homogeneous 
scenarios, each geologic unit is composed of one material and the overlying aquifer is given the same 
geologic characteristics as the storage reservoir. For all four scenarios, lateral homogeneity is assumed. 
 
 
Fig. 1. Schematic of the geologic model, highlighting the distinction between the homogeneous (left) and heterogeneous scenarios 
(right). The system extends from 1935 m to 2535 m below the surface and consists of three zones; storage reservoir, caprock (seal), 
and overlying aquifer. For the heterogeneous scenarios, the caprock is comprised of six layers and the storage reservoir is comprised 
of 23 layers. CO2 (or, water, for our sensitivity analysis) is injected close to the bottom of the storage reservoir 
Table 1 lists the geologic parameters used. For the heterogeneous scenarios, the permeability 
anisotropy is 0.01 for the storage reservoir and 0.05 for the caprock. For the homogeneous and isotropic 
scenario, we assume that the flow in the reservoir is mainly horizontal and the flow in the caprock is 
mainly vertical, hence the permeability in the storage reservoir is taken as a weighted arithmetic mean, 
whereas the permeability in the caprock is taken as a weighted harmonic mean. For the homogeneous and 
anisotropic scenario, the horizontal permeability is taken as the weighted arithmetic mean and the vertical 
permeability is taken as the weighted harmonic mean. Porosity is calculated as the weighted arithmetic 
mean. 
A total of one million metric tons are injected at a uniform rate over three years. A vertical monitoring 
well penetrating all three geologic units is placed 255 m from the injection well. 
2.2. Simulation model 
Simulations are performed in TOUGH2/ECO2N, and the PetraSim software package is used as a pre- 
and post-processing interface [20]. For simplicity, we focus on an isothermal CO2-H2
The initial pressure distribution is hydrostatic.  
A radially symmetric (effectively 2D) grid is used for its suitability to continuous layers and single 
well injection. Various grid sizes were tested prior to this study to assure that the conclusions are not 
influenced by the grid resolution [1, 21]. The system extends out 100 km laterally and is closed at the top 
and bottom. For all four scenarios, the injection is uniformly distributed amongst the grid cells 
corresponding to the layers labeled Storage 2 and Storage 4 adjacent to the injection well. 
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Table 1. Geologic and simulation parameters: layer thickness h, unit thickness hunit, rock compressibility CR, porosity, isotropic 
permeability k, capillary entry pressure P0, and anisotropic permeabilities kH and kV, where H denotes horizontal direction and V 
denotes vertical direction. 
 Heterogeneous scenarios 
     Isotropic Anisotropic 
Unit Layer h(m) CR(Pa-1)  k(m2) P0(Pa) kH(m2) kV(m2) P0(Pa) 
Overlying aquifer Storage 2 85 3.71 × 10-10 15.0 1.0 × 10-12 1.956 × 104 1.0 × 10-12 1.0 × 10-14 1.956 × 104 
Caprock Caprock 6 20 7.42 × 10-10 3.0 2.0 × 10-18 6.186 × 105 2.0 × 10-18 1.0 × 10-19 2.766 × 106 
 Caprock 5 10  3.0 4.0 × 10-18 4.374 × 105 4.0 × 10-18 2.0 × 10-19 1.956 × 106 
 Caprock 4 10  5.0 1.0 × 10-16 1.129 × 105 1.0 × 10-16 5.0 × 10-18 5.050 × 105 
 Caprock 3 20  10.0 3.0 × 10-15 2.916 × 104 3.0 × 10-15 1.5 × 10-16 1.304 × 105 
 Caprock 2 20  10.0 7.0 × 10-15 1.909 × 104 7.0 × 10-15 3.5 × 10-16 8.537× 104 
 Caprock 1 40  8.0 1.0 × 10-15 4.517 × 104 1.0 × 10-15 5.0 × 10-17 2.020 × 105 
Storage reservoir Storage 23 10 3.71 × 10-10 6.0 5.0 × 10-15 1.750 × 104 5.0 × 10-15 5.0 × 10-17 1.750 × 104 
 Storage 22 30  11.0 2.0 × 10-13 3.746 × 103 2.0 × 10-13 2.0 × 10-15 3.746 × 103 
 Storage 21 15  7.0 1.0 × 10-14 1.336 × 104 1.0 × 10-14 1.0 × 10-16 1.336 × 104 
 Storage 20 10  8.0 4.0 × 10-15 2.259 × 104 4.0 × 10-15 4.0 × 10-17 2.259 × 104 
 Storage 19 25  12.0 1.0 × 10-13 5.532 × 103 1.0 × 10-13 1.0 × 10-15 5.532 × 103 
 Storage 18 45  13.0 2.0 × 10-13 4.072 × 103 2.0 × 10-13 2.0 × 10-15 4.072 × 103 
 Storage 17 40  8.0 5.0 × 10-15 2.020 × 104 5.0 × 10-15 5.0 × 10-17 2.020 × 104 
 Storage 16 10  11.0 1.0 × 10-13 5.297 × 103 1.0 × 10-13 1.0 × 10-15 5.297 × 103 
 Storage 15 10  9.0 7.0 × 10-15 1.811 × 104 7.0 × 10-15 7.0 × 10-17 1.811 × 104 
 Storage 14 10  16.0 7.0 × 10-13 2.415 × 103 7.0 × 10-13 7.0 × 10-15 2.415 × 103 
 Storage 13 20  11.0 7.0 × 10-14 6.331 × 103 7.0 × 10-14 7.0 × 10-16 6.331 × 103 
 Storage 12 10  17.0 8.0 × 10-13 2.328 × 103 8.0 × 10-13 8.0 × 10-15 2.328 × 103 
 Storage 11 5  12.0 1.0 × 10-13 5.532 × 103 1.0 × 10-13 1.0 × 10-15 5.532 × 103 
 Storage 10 15  16.0 6.0 × 10-13 2.608 × 103 6.0 × 10-13 6.0 × 10-15 2.608 × 103 
 Storage 9 5  13.0 7.0 × 10-14 6.883 × 103 7.0 × 10-14 7.0 × 10-16 6.883 × 103 
 Storage 8 10  16.0 6.0 × 10-13 2.608 × 103 6.0 × 10-13 6.0 × 10-15 2.608 × 103 
 Storage 7 10  13.0 1.0 × 10-13 5.758 × 103 1.0 × 10-13 1.0 × 10-15 5.758 × 103 
 Storage 6 5  16.0 7.0 × 10-13 2.415 × 103 7.0 × 10-13 7.0 × 10-15 2.415 × 103 
 Storage 5 20  13.0 5.0 × 10-14 8.144 × 103 5.0 × 10-14 5.0 × 10-16 8.144 × 103 
 Storage 4 40  20.0 1.0 × 10-12 2.259 × 103 1.0 × 10-12 1.0 × 10-14 2.259 × 103 
 Storage 3 5  14.0 1.0 × 10-13 5.976 × 103 1.0 × 10-13 1.0 × 10-15 5.976 × 103 
 Storage 2 30  15.0 1.0 × 10-12 1.956 × 103 1.0 × 10-12 1.0 × 10-14 1.956 × 103 
 Storage 1 15  7.0 1.0 × 10-15 4.226 × 104 1.0 × 10-15 1.0 × 10-17 4.226 × 104 
Homogeneous scenarios 
     Isotropic Anisotropic 
Unit  hunit(m) CR(Pa-1)  k(m2) P0(Pa) kH(m2) kV(m2) P0(Pa) 
Overlying aquifer  85 3.71 × 10-10 12.5 3.2 × 10-13 3.150 × 103 3.2 × 10-13 1.2 × 10-14 3.150 × 103 
Caprock  120 7.42 × 10-10 7.2 9.5 × 10-18 4.390 × 105 2.0 × 10-15 9.5 × 10-18 4.390 × 105 
Storage reservoir  395 3.71 × 10-10 12.5 3.2 × 10-13 3.150 × 103 3.2 × 10-13 1.2 × 10-14 3.150 × 103 
 
Grid cell sizes and the number of grid cells for the radial and vertical directions are given in Fig. 2, as 
he van Genuchten [23] capillary 
pressure curves for the heterogeneous, isotropic scenario. The relative permeability curves are constructed 
with a residual liquid saturation Slr of 0.20 in the storage reservoir and 0.30 in the caprock. The residual 
gas saturation Sgr is set to zero. The capillary pressure curves have been scaled using the Leverett J-
function [24] according to a capillary pressure curve measured on a sample of Berea sandstone, with 
same as for the relative permeability curves, and 
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a saturated liquid content Sls 
permeability k is given by PC (Sw) = ((kref ref)1/2 / (k 1/2) × PC,ref(Sw), where PC,ref  is the Berea capillary 
pressure curve, kref = 8.389 × 10-14 m2 ref = 18.5 % is the average 
Berea core porosity, and Sw is the water saturation. The capillary entry pressures used in the van 
Genuchten capillary pressure model in TOUGH2 are given in Table 1. The maximum capillary pressure 
is set to 2.400 × 107 Pa.  
 
Fig. 2. Left: Number of grid cells in the radial (r ) and vertical (z) directions, and respective grid cell sizes (the injection well radius 
is 0.1 m). Middle: Rel is liquid phase and g is gas phase. Right: 
van Genuchten capillary pressure curves for the storage reservoir and caprock for the heterogeneous, isotropic scenario, where S* = 
(Sl  Slr) / (Sls  Slr). The measured capillary pressure curve for the Berea sandstone is included for comparison. 
2.3. Sensitivity analysis: injected fluid 
In addition to simulations with CO2 injection, simulations are performed with water injection, for 
(approximately) equivalent volumetric injection rates. The purpose is to determine what aspects of the 
pressure response are caused uniquely by the multiphase flow and buoyancy of the injected CO2 as 
opposed to the pressure transients that would arise due to the same volumetric injection of water, which 
will be influenced only by the geologic structure of the reservoir. With a total of one million metric tons 
of CO2 injected over three years, the CO2 injection rate is set to 10.57 kg/s. The water injection rate is set 
to 13.65 kg/s. 
2.4. Data processing 
Pressure transients obtained from simulations are analyzed in two ways. First, based on conventional 
well test approaches [25], we analyze the pressure buildup at the monitoring well as a function of time, 
z (t) = Pz (t)  Pi,z, where z refers to a given depth and i denotes initial hydrostatic conditions. Second, 
resistance to flow are expected to give rise to vertical pressure gradients associated with reservoir 
structure. Buoyancy driven, anomalous vertical flows are expected to give rise to anomalous vertical 
pressure gradients associated with CO2 injection.  
Because the purpose is to identify diagnostics for reservoir structure and CO2 migration, it is important 
that the data is analyzed in such a way that features in the pressure response caused by reservoir structure 
and the presence of CO2 can be easily differentiated. We find that normalization comprises a critical 
component in revealing the unique features associated with reservoir structure and CO2 plume migration 
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[19]. Pressure transients are normalized to the pressure buildup in the injection zone and vertical pressure 
gradients are normalized to the initial hydrostatic pressure. The method for calculating and normalizing 
vertical pressure gradients is illustrated in Fig. 3. 
 
 
Fig. 3. Illustration of method for normalizing vertical pressure gradients; the vertical pressure gradients may be calculated for 
adjacent grid cells, or, as done here, for adjacent monitoring zones. 
3. Results 
3.1. CO2 plume migration 
The CO2 plume migration as a function of time for each system scenario is shown in Fig. 4. The shape 
of the plume is clearly impacted by the system heterogeneity and anisotropy and is very different for each 
scenario. 
3.2. Pressure transients 
The pressure transients in each zone at the monitoring well are shown in Fig. 5, for each scenario. The 
pressure buildups are large and detectable (or become detectable soon after start of injection) in the 
storage reservoir and caprock for each scenario. Above the caprock, in Zone 7, the pressure buildup is not 
very large and may not become detectable until much later, if at all. The pressure buildups are normalized 
to the pressure buildup in Zone 2, which is at the depth of injection. The pressure buildup in Zone 1, 
below the injection zone, differs from that of Zone 2 only for the anisotropic scenarios, with a larger 
initial pressure buildup and a subsequent decline as the CO2 plume progresses. 
3.3. Vertical pressure gradients 
The vertical pressure gradients calculated between adjacent monitoring zones are shown in Fig. 6.   
4. Discussion 
As fluid is first injected into the storage reservoir, the native formation water is displaced with 
horizontal and upward components of flow (downward flow below the injection zone). Due to mainly a 
large horizontal component of flow, significant pressure buildup occurs almost instantaneously at the 
monitoring well. Anomalous pressure responses following the initial pressure buildup can be attributed to 
buoyancy induced flows caused by the advancing CO2 plume [19]. Above and ahead of the CO2 plume,  
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Fig. 4. Porosity and permeability distributions along with CO2 plume migration as a function of time, for each scenario. The CO2 
plume contour is defined by a cutoff gas saturation SG of 0.1. The monitoring zones (Zones 1-7) are illustrated by red markers, and 
the black boxes indicate injection layers (drawn to scale in the vertical direction only). 
buoyancy induced flow causes anomalous upward flow of water. Within the plume, countercurrent flow 
of water and CO2 causes anomalous downward flow of water, which in turn induces downward aqueous 
flow in the region beneath and ahead of the CO2 plume. The following diagnostics have been identified: 
 At early times, the pressure buildup is (nearly) identical for CO2 injection and water injection. 
 Normalized pressure transients significantly less than unity are indicative of a high degree of 
anisotropy, whereas normalized pressure transients closer to unity suggest a more isotropic reservoir.  
 At early times, vertical pressure gradients are diagnostic of reservoir structure. Normalized vertical 
pressure gradients greater than unity correspond to low vertical permeability layers. Low permeability 
provides larger resistance to flow and thus amplifies the pressure response. The larger the number of 
vertically distributed pressure sensors, the more details in the heterogeneity can be resolved [19]. 
 After the initial pressure buildup, normalized vertical pressure gradients less than unity indicate 
downward flow beneath and somewhat ahead of the CO2 plume. Normalized vertical gradients greater 
than unity but notably less than their early value can be attributed to diminished upward flow at depths 
corresponding to the upper portion of the CO2 plume. Normalized vertical pressure gradients that 
continue to increase capture the upward flow immediately above the CO2 plume [19]. 
 After the initial pressure buildup, normalized pressure transients that increase at a faster rate than 
expected based on the early pressure buildup, in particular those that exceed unity, are diagnostic of 
buoyancy induced CO2 migration. 
 Normalized pressure transients that exceed unity and subsequently decline are diagnostic of the 
approximate height of the CO2 plume. A decline above unity is expected for a CO2 plume for which a 
significant lateral portion exceeds the depth of the given monitoring zone. 
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Fig. 5. Left: Regular pressure transients (buildups). Middle and right: Pressure transients normalized by the pressure buildup in Zone 
2 (depth of injection), plotted on linear and semilog scales, respectively. 
5. Conclusions 
Through analyses of multilevel pressure measurements, diagnostics for reservoir structure and CO2 
plume migration have been identified (see also [19]). Different system scenarios yield unique CO2 plume 
migration, and distinct pressure buildups for different system scenarios suggest that heterogeneity and 
anisotropy greatly impact the pressure response. At early times, CO2 injection and water injection give 
rise to (nearly) identical pressure buildups at the monitoring well, indicating that the initial deviation 
between the different system scenarios results from system heterogeneities and is independent of the 
properties of the injected fluid. Over time, however, the pressure buildup for the CO2 injection case 
deviates from that of the water injection case. Pressure buildups that are normalized to the pressure 
buildup in the zone of injection are diagnostic of CO2 migration and exhibit unique features for a CO2 
plume that has migrated vertically past the depth of the given monitoring zone. Vertical pressure 
gradients that are normalized by the initial hydrostatic pressure provide information on system 
heterogeneity soon after the start of injection and a strong indication of the height of the CO2 plume. 
Anomalous pressures prior to the CO2 plume arriving at the monitoring well can be attributed to 
buoyancy induced aqueous flows caused by the advancing CO2 plume. 
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This work shows that distributed pressure monitoring in the storage reservoir can provide real-time 
information about CO2 plume movement. In terms of pressure transients, normalizing with respect to the 
pressure buildup at the depth of injection is critical to obtaining diagnostics for both reservoir structure 
and CO2 plume migration. Vertical pressure gradients can by nature only be obtained through vertically 
distributed pressure sensors. In other words, a single pressure measurement in an observation well would 
not be sufficient, but vertically distributed sensors are needed to obtain this information. 
 
 
 
Fig. 6. Vertical pressure gradients calculated for adjacent monitoring zones and normalized to the initial hydrostatic pressure 
gradients, for each scenario. To the left, the normalized vertical pressure gradients are plotted as a function of depth and each 
vertical line corresponds to a given time step. To the right, the normalized vertical pressure gradients are plotted as a function of 
time. Normalized gradients less than unity indicate downward flow, whereas normalized gradients greater than unity indicate 
upward flow. Over time, the gradients for CO2 injection will continue to increase immediately above the CO2 plume and decrease at 
the depth of and below the CO2 plume. 
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